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ABSTRACT 
 
The well-known correlation between diet and health demonstrates the great possibilities of 
food to maintain or even improve our health. This fact has brought about a great interest for 
seeking new products that can contribute to improve our health and well-being. This type of 
foods able to promote our health has generically been defined as functional foods. 
Nowadays, one of the main areas of research in Food Science and Technology is the 
extraction and characterization of new natural ingredients with biological activity (e.g., 
antioxidant, antiviral, antihypertensive, etc) that can contribute to consumer’s well-being as 
part of new functional foods. The present review offers and update of the most relevant 
results obtained in our research group for the extraction and characterization of antioxidants 
from natural sources such as plants and microalgae using compressed fluids (supercritical 
fluid extraction, subcritical water extraction and pressurized liquids).  
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INTRODUCTION  
In recent years, there has been a growing interest in the so-called functional foods because 
they can provide physiological benefits additional to nutritional and energetic, as, for 
instance, antihypertensive, antioxidant or anti-inflammatory [1]. 
Between the different compounds with functional properties, antioxidants are the 
most widely studied [2-4]. These compounds can play an important role in food technology 
because of their usefulness against lipid peroxidation. Usually, food production, process and 
storage can generate important losses of endogenous antioxidants that limit their own 
protection against lipid oxidation. Moreover, the important role of antioxidants in human 
health has been demonstrated, thus increasing the interest in such products and their demand 
by consumers [5, 6]. Vegetal kingdom have become the main source of antioxidant 
compounds. Among them the main families are phenolic compounds, carotenoids and 
tocopherols.  
The traditional extraction methods used to obtain these type of products have several 
drawbacks; they are time consuming, laborious, have low selectivity and/or low extraction 
yields. Moreover, these traditional techniques employ large amounts of toxic solvents. At 
present, extraction methods able to overcome the above-mentioned drawbacks are being 
studied; among them, the techniques discussed in the present review are based on the use of 
compressed fluids as extracting agents; examples of such techniques are: supercritical fluid 
extraction (SFE), pressurized liquid extraction (PLE) or accelerated solvent extraction 
(ASE) and subcritical water extraction (SWE), which are among the more promising 
processes [7, 8]. These extraction techniques provide higher selectivities, shorter extraction 
times and do not use toxic organic solvents. Several reviews have been written about 
compressed fluid extraction of plants, microalgae and other stuff focused in the obtention 
and characterization of functional foods [3, 6, 8]. 
MATERIALS AND METHODS  
Supercritical fluid extraction 
The supercritical fluid (any substance over the critical point) has characteristics of both 
gases and liquids. Compared with liquid solvents, supercritical fluids have several major 
advantages: (1) the dissolving power of a supercritical fluid solvent depends on its density, 
which is highly tunable by changing the pressure or/and temperature; (2) the supercritical 
fluid has a higher diffusion coefficient and lower viscosity and surface tension than a liquid 
solvent, leading to more favorable mass transfer [9, 10]. Carbon dioxide (critical 
point = 31°C and 73.8 bar) is cheap, environmental friendly and generally recognized as safe 
by FDA and EFSA. Another advantage is that CO2 is gaseous at room temperature and 
pressure which makes analyte recovery very simple and provides solvent-free extracts. Also, 
important for food and natural products extraction, is the ability of SFE using CO2 to be 
operated at low temperatures using a non-oxidant medium, which allows the extraction of 
thermally labile or easily oxidized compounds [8].  
 
Subcritical fluid extraction 
In PLE, pressure is applied to allow the use of liquids as extraction solvents at temperatures 
higher than their normal boiling point. Among them, ASE (which can be considered a new 
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version of the Soxhlet apparatus but operating at high pressures and temperatures), 
pressurized hot water extraction (PHWE) or SWE, near-critical fluid extraction and 
enhanced fluidity extraction are the most promising techniques in antioxidants extraction [3, 
8]. PLE is commonly used at temperatures ranging from 50 to 200 °C and at pressures 
between 10 and 15 MPa. Therefore, accelerated solvent extraction is a form of pressurized 
solvent extraction that is quite similar to SFE. Extraction is carried out under pressure to 
maintain the solvent in its liquid state at high temperature. The solvent is still below its 
critical condition during ASE. Increased temperature accelerates the extraction kinetics and 
elevated pressure keeps the solvent in the liquid state, thus achieving safe and rapid 
extraction [10]. Elevated temperatures enhance diffusivity and, for water, it modifies its 
dielectric constant resulting in the possibility of tuning its polarity [11]. 
 
Antioxidants derived from plants 
Numerous vegetable matrices have been used as natural sources for compressed fluid 
extraction. Legumes, spices, aromatic plants, and even fruit beverages, such as natural 
orange juice [12] have been processed to obtain natural antioxidant compounds. 
Among plants, probably the most extensively studied group are aromatic herbs, 
specially rosemary, whose supercritical extracts can be found in several herbal remedies. 
The antioxidant activity of supercritical extracts of rosemary is extremely high; even at low 
concentrations, the resultant extracts are heat-resistant and do not change the colour, taste, or 
flavour of the food in which they are used. Rosemary extracts dissolve easily in different 
types of foods. In work from our group [13], a two step extraction method was suggested, 
with sequential recovery of two fractions with different antioxidant activities and different 
chemical compositions. The SFE experiments were carried out on an analytical scale and the 
conditions selected were: 100 bar and 40 °C for the first fraction and 400 bar and 60 °C for 
the second fraction. The antioxidant compounds were preferentially extracted in the second 
fraction. Both fractions were collected on a device specifically designed to improve the 
performance of the sample collection. This device consisted on a reservoir that, by using an 
extra cooling system, limited extract losses after CO2 decompression. These conditions were 
then scaled up to a pilot plant [14, 15]. In this study, instead of using a sequential two steps 
extraction process, two separation cells were used to carry out the fractionation. This system 
yielded two different fractions in terms of analytical and functional composition. Different 
extraction and fractionation conditions were tested, using carbon dioxide as supercritical 
fluid and ethanol as modifier. The extraction conditions ranged from 300 to 350 bar and 
from 40 to 60 °C. For all the experiments, the first separator was maintained at the given 
extraction temperature (from 40 to 60 °C) while the fractionation pressure was set in a range 
from 150 to 200 bar. The temperature in the second separator was kept equal to 25 °C in all 
experiments and the pressure varied between 20 and 55 bar. In order to correlate the 
antioxidant activity of the extracts with the composition, Cavero et al [16] used the 2,2-
diphenyl-1-picrylhydrazyl hydrate (DPPH) test and the ß-carotene bleaching test to study the 
differences in behavior of antioxidants in an emulsified medium for some of the extracts 
obtained. Using forward stepwise multiple linear regression, carnosic acid, methyl carnosate 
and carnosol were the compounds selected to predict the mentioned activity, with a value of 
0.95 for the coefficient of determination. 
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Another study, performed in our research group to test the effect of the CO2 quality 
on the antioxidant activity of rosemary extracts [17], demonstrated that the CO2 quality 
significantly affected the antioxidant activity of the extracts collected, probably due to the 
residual composition of O2 and water of the carbon dioxide. Thus, the better the quality of 
the CO2, the higher was the antioxidant activity of the extract.  
Supercritical fluid chromatography (SFC) has been also used for the isolation of 
antioxidant compounds from rosemary [18, 19]. By using a LC-Diol packed column at 80 
°C, 130 bar of pressure, and 10% of ethanol as modifier of the mobile phase (CO2) an 
improvement of about 20% and 40% of antioxidant and antimicrobial activity, respectively, 
was achieved [18]. Other stationary phases in SFC, such as SE-54 and Carbowax 20M [20], 
were also tested. The use of coated packed capillary columns in SFC allowed the separation 
of polar compounds (responsible of the associated antioxidant activity, such as carnosic acid 
and carnosol). On the other hand, the solubility of solid carnosic acid was modeled using the 
Group Contribution Associating Equation of State [21] by the introduction of a solute hard-
sphere parameter in the Carnahan-Starling repulsive term of the model, which depends on 
both temperature and pressure. This approach together with the study on the interactions 
between carnosic acid and ethylpyrrolidine methacrylate-methyl methacrylate copolymer in 
supercritical media done by Rodriguez-Meizoso et al [22] would allow the design of 
selective polymers to be used in the purification of carnosic acid by SFC. 
The obtention of antioxidant extracts by subcritical liquid extraction have also been 
studied in our group. Ibáñez et al. [23] studied the extraction of antioxidant compounds of 
rosemary by SWE over a wide range of temperatures. Several temperatures, from 25 to 200 
°C, were tested to study the selectivity towards the extraction of antioxidant compounds. 
There was a clear effect of water temperature on the extraction yield, which increased at 
higher extraction temperatures. The authors verified that the most polar compound (i.e. 
rosmanol) was the main compound extracted at low temperatures (25 °C) while when the 
extraction was performed at 200 °C, a decrease in the capability of water to dissolve the 
most polar compounds was observed and a high concentration of other compounds, such as 
carnosic acid, was obtained. Extracts with antioxidant activity comparable to those achieved 
using supercritical carbon dioxide extraction could be obtained by SWE. In order to confirm 
the presence of the different antioxidant compounds in the SWE extracts, a new method 
based on capillary electrophoresis was developed [24]. Also, Herrero et al [25] worked on 
the pressurized liquid extraction-capillary electrophoresis-mass spectrometry for the analysis 
of polar antioxidants in rosemary extracts. Different antioxidant compounds (e.g., rosmarinic 
acid and carnosic acid) could be detected in the rosemary extracts by CE-ESI-MS without 
any additional treatment, enabling the determination of variations in the extract composition 
caused by the different PLE conditions (i.e., 60 and 100°C). 
Extraction of vitamin E from natural sources has received increasing attention due to 
the high antioxidant activity associated to this family of compounds. Besides its well known 
antioxidant activity, recent studies have demonstrated that synthetic vitamin E is less 
effective than natural vitamin E [26]. Our experience in this field consist on the isolation and 
separation of tocopherols from olive by-products with supercritical fluids [27]. The 
developed method consists of supercritical CO2 extraction at pilot plant scale and subsequent 
fractionation by two successive depressurizations. Enrichment of a-, ß-, and ?-tocopherol 
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was achieved in separator 2 when working at low densities in the first separator. Fractions 
obtained using high densities in separator 1 contained major proportions of triglycerides, 
waxes, and sterols. Tocopherols from olive by-products were separated and quantified in an 
environmentally friendly way by using SFC with packed capillary columns coated with 
polyethylene glycol and neat CO2 according to a method previously optimized in our 
laboratory [28]. In order to optimize the extraction and fractionation of olive oil we evaluate 
the mass transfer among olive oil components and supercritical carbon dioxide in a more 
recent work [29].  
 
Olive tree leaves are an important byproduct of the olive oil industry. In a research 
carried out in our laboratory, the countercurrent supercritical fluid extraction and 
fractionation of high-added-value compounds from an hexane extract of olive leaves [30] 
was carried out. Among the high-added-value compounds, ß-carotene, oleuropeine, a-
tocopherol and ß-sitosterol, which are well known as antioxidants were extracted.  
 
As for the olive oil industry, wine industry produce high amount of byproducts rich 
in antioxidant compounds, such as catechins and other  phenolic compounds. These 
compounds can be extracted by using subcritical water [31]. In general, higher recoveries 
were obtained when the material was submitted to three sequential extractions at 50, 100 and 
150°C, but selective extractions of compounds with different degrees of polymerisation was 
achieved using one-step extraction at different temperatures.  
 
Antioxidants derived from algae and microalgae 
In the search for feasible new sources of natural antioxidants that can be used in the food 
industry, algae and microalgae have been suggested as possible raw materials. These 
organisms are widely known and consumed in certain countries, and numerous health 
benefits have been associated with their use. Therefore, algae and microalgae are potentially 
a great source of natural compounds that could be used as ingredients for preparing 
functional foods. Different compounds with antibacterial, antiviral and antifungical activity 
can be found in these type of organisms [32-35], along with compounds with antioxidant 
activity. 
Spirulina is a blue-green microalga from Cyanobacterium gender. It is well known 
by its high content in proteins. Among them, phycobiliproteins are known by its 
pharmaceutical and antioxidant properties. This proteins were characterized by Simó et al 
[36] by using CE-ion trap-MS and CE-time of flight-MS. Later, the usefulness of CE-MS to 
monitor and optimize the pressurized liquid extraction of proteins from Spirulina platensis 
microalga was demonstrated [37]. The combined use of PLE and CE-MS allowed the 
attainment of extracts rich in phycobiliproteins in short extraction times (namely, yields of 
20% can be obtained in less than 2 h under the optimum PLE process in an automatic way).  
Moreover, Spirulina has been studied as an alternative source of functional 
ingredients, specially antioxidants. Mendiola et al. studied the possibilities of using Spirulina 
supercritical extracts [38, 39] as both, antioxidants and antimicrobials. In this case, the best 
antioxidant extract was obtained in the first fraction when using intermediate pressures and 
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temperatures (220-320 bar, 55 °C), with CO2 plus 10% ethanol as cosolvent, whereas higher 
pressures and temperatures (320 bar, 75 °C) were needed when pure CO2 was used. In order 
to provide a more in depth characterization of the antioxidant fraction, we used HPLC-
DAD-MS/MS with two different interfaces (ESI and APCI) that revealed the presence in the 
extracts of several carotenoids previously identified in Spirulina platensis microalga along 
with chlorophyll a and some degradation products [40]. Also, the structure of some phenolic 
compounds could be tentatively identified. Moreover the enrichment in vitamin E of extracts 
from microalga Spirulina platensis was studied [38]. The optimal conditions for the 
extraction of vitamin E from Spirulina platensis were achieved working at maximum 
temperatures, being the optimum value predicted, by using advanced statistical tools, of 29.4 
mg/g extract which implies a tocopherol enrichment of more than 12 times the initial 
concentration of tocopherol in the raw material. 
But also the subcritical fluid extraction of Spirulina has been studied in our research 
group [41]. Different extraction temperatures (115 and 170°C) and four different solvents 
(hexane, light petroleum, ethanol and water) were tested using extraction times ranging from 
9 to 15 min. The antioxidant activity of the different extracts was determined by means of an 
in vitro assay using a free radical method. Moreover, a new and fast method was developed 
using micellar electrokinetic chromatography with diode array detection (MEKC-DAD) to 
provide a preliminary analysis on the composition of the extracts [41]. It was observed that 
the optimum conditions that maximize yield and minimize EC50 depend on the polarity of 
the solvent used to perform the extractions. Extraction temperature had an enormous 
influence in both responses while the effect of extraction time was almost negligible. 
Ethanol was finally selected as the extracting solvent for its GRAS (Generally Recognized 
as Safe) status and because it provided higher yields with medium antioxidant activities [42]. 
Also, a new procedure was developed to separate and characterize antioxidant compounds 
from Spirulina platensis microalga based on the combination of pressurized liquid extraction 
(PLE) and different chromatographic procedures, such as TLC, at preparative scale, and 
HPLC-DAD [43]. TLC analysis of the best ethanolic extract obtained at 115°C for 15 min 
was carried out and the silica layer was stained with a DPPH• solution to determine the 
antioxidant activity of different chromatographic bands. Next, these colored bands were 
collected for their subsequent analysis by HPLC-DAD, revealing that the compounds with 
the most important antioxidant activity present in Spirulina extracts were carotenoids, as 
well as phenolic compounds and degradation products of chlorophylls.  
Another important microalga well known by its antioxidant properties is Dunaliella 
salina [44, 45]. This microalga has been studied in our research group considering both, 
supercritical fluid extraction and pressurized liquid extraction. In terms of PLE, the 
optimization of the extraction of antioxidants [46] and antimicrobials [47] was carried out 
using experimental design with three different solvents (hexane, ethanol, and water) and two 
main factors (extraction temperature (40, 100, and 160°C) and extraction time (5, 17.5, and 
30 min)). As response variables, the extraction yield (percent dry weight/initial weight) and 
the antioxidant activity of the extracts (determined using the TEAC method) were 
considered. The parameters of the model were estimated by multiple linear regression. 
Results showed that the extraction temperature was the factor having the strongest influence 
(positive) on the two response variables. The best yields were obtained with ethanol at the 
higher extraction temperature and time tested. Besides, although hexane extracts provided 
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the best antioxidant activity, ethanol extracts were also very active. The chemical 
characterization of ethanol extracts was carried out using HPLC-DAD, and attempts were 
made to correlate their chemical composition with the antioxidant activity measured. Results 
pointed out that the extracts contained, besides all-trans-ß- carotene and isomers, several 
different minor carotenoids that seemed to make a strong contribution to the antioxidant 
activity of the extracts. By using supercritical CO2 [48] different compositions of ß-carotene 
isomers were identified in the extracts by using HPLC-DAD. Also, antioxidant activity of 
the extracts was measured using a TEAC assay. Higher yields were obtained at high 
pressures and low temperatures, that is, at higher CO2 densities. Attempts were made to 
correlate the antioxidant activity of the extracts with their chemical composition by means of 
principal component analysis. A certain relationship was found between their antioxidant 
activity and the isomeric composition of ß-carotenes. As a result, an original equation was 
proposed to predict the antioxidant activity of extracts from D. salina in terms of the ratio 9-
cis-ß-carotene/all-trans-ß-carotene, the concentration of a -carotene, and, especially, the 
concentration of 9-cis-ß-carotene.  
CONCLUSIONS 
The rising need to extract functional compounds and nutraceuticals from natural sources 
continues searching for economically and ecologically feasible extraction technologies. The 
large amount of solvent used in traditional extraction techniques not only increases operating 
costs but also causes additional environmental problems, moreover, in the isolation of 
antioxidant compounds a non-oxydizing extraction media and mild extraction conditions are 
required. Therefore compressed fluids have become an interesting alternative to obtain 
antioxidants from different vegetal sources. 
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